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SIMULTANEOUS  STRESS  RELAXATION  IN  TENSION  AND  CREEP 


IN  TORSION  OF  2618  ALUMINUM  AT  ELEVATED  TEMPERATURE 

by 

James  S.  Lai  and  William  N.  Findley 

Abstract 

Experiments  are  reported  for  stress  relaxation  and  simultaneous 
stress  relaxation  and  creep  with  proportional  and  non  proportional  loading 
and  unloading.  Results  were  compared  with  predictions  of  a  viscous- 
viscoelastic  theory,  and  modifications,  and  strain  hardening.  Predictions 
were  calculated  from  results  of  combined  constant-stress  tension  and 
torsion  creep  and  recovery  tests  only,  which  were  reported  previously. 

Results  showed  that  a  modified  viscous-viscoelastic  theory  predicted 
all  the  observed  features  and  predicted  the  creep  and  relaxation  rates 
reasonably  well. 
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Introduction 

The  literature  on  the  time-dependent  behavior  of  metals  at  elevated 
temperature,  mostly  deals  with  creep  under  uniaxial  stress  states.  Next 
most  numerous  are  perhaps  the  works  on  stress  relaxation  under  simple 
stress  states  and  least  numerous  creep  under  multi-axial  stress  states.  A  few 
have  also  considered  predicting  stress  relaxation  behavior  from  creep 
under  the  same  stress  state  (mostly  uniaxial  tension).  Selected  references 
to  the  previous  investigations  of  time-dependent  behavior  of  metals  under 
multiaxial  stress  are  given  in  [1]  and  [2].  No  prior  work  on  simultaneous 
creep  and  stress  relaxation  of  metals  has  been  found  in  the  literature. 

The  only  investigation  of  simultaneous  creep  and  relaxation  was  performed 
by  the  authors  [3,4]  on  full  density  polyurethane. 

In  previous  papers  [1,5,6]  the  authors  investigated  the  creep  behavior 
of  2618  Aluminum  at  200°C  (392°F)  under  combined  tension  and  torsion  stresses. 
In  the  first  paper  the  authors  developed  constitutive  equations  to  describe 
the  creep  behavior  of  the  material  under  multi-axial  stress  states.  The 

e 

constitutive  equations  employed  five  strain  components:  linear  elastic  e  ; 

P  •  V 

time-independent  plastic  ;  time-dependent  positive  nonrecoverable  tpOS 

v 

and  time-dependent  negative  nonrecoverable  enC£>  time-dependent  recoverable 

VG 

e  .  From  creep  and  recovery  experiments  under  combined  tension  and  torsion, 
the  time  and  stress  dependence  of  these  components  were  evaluated  [1]  for 
constant  stress.  In  [5,6]  the  constitutive  relations  developed  for  a  constant 
stress  state  were  extended  for  time-dependent  stress  histories.  The  extended 
constitutive  equations  were  used  to  predict  the  creep  behavior  of  the  material 
for  combined  tension  and  torsion  and  under  varying  stress  history,  including 
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step-up  and  step-down  stress  changes  and  repeated  reversal  of  shearing 
stress  with  and  without  constant  tension.  Paper  [5]  dealt  with  simple 
stress  states  while  paper  [6]  dealt  with  combined  tension  and  torsion 
stress  states. 

In  the  present  paper,  experiments  involving  simultaneous  stress 
relaxation  in  tension  and  creep  in  torsion  are  reported  and  discussed. 

These  experiments  were  performed  on  the  same  lot  of  2618  aluminum  as  the 
experiments  in  [1,5,6].  Methods  of  predicting  simultaneous  creep  in 
torsion  and  stress  relaxation  in  tension  from  the  constitutive  equations 
developed  in  papers  [1,5,6]  are  presented  in  the  present  paper.  Predic¬ 
tions  of  stress  relaxation  and  creep  under  combined  tension  and  torsion 
stress  states  using  the  proposed  methods  were  computed  and  compared  with 
the  experimental  results. 

Test  Material 

An  aluminum  forging  alloy  2618-T61  was  employed  in  these  experiments. 
Specimens  were  taken  from  the  same  lot  of  63.5  mm  (2-1/2  in.)  diameter  forged 

rod  as  used  in  [1,5,6]  and  the  same  lot  as  specimen  D  through  U  in  [71. 
Specimens  were  thin-walled  tubes  having  outside  diameter,  wall  thickness 
and  gage  length  of  25.4,  1.52  and  101.6  mm  (1.00,  0.060,  and  4.00  inches), 
respectively.  A  more  complete  description  of  material  and  specimen  is  given 
in  [1J. 

Fxperimenta 1  Apparatus  and  Procedure 

The  combined  tension  and  torsion  creep  machine,  Fig.  1,  used  for  the 
experiments  was  described  in  [8]  and  briefly  in  [1].  Tension  was  applied  by 
means  of  dead  weights  through  lever  A,  Fig.  1.  A  system  of  counter  balances 
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permitted  torque  in  either  sense  to  be  applied  by  adding  or  removing  weight 
from  lever  B.  The  tensile  strain  was  monitored  by  using  an  extensomcter ,  C, 
Fig.  1,  attached  to  the  upper  and  lower  gage  points  of  the  test  specimen. 

The  sensitivity  was  1  x  10  6  for  tensile  strain.  Shear  strain  was  measured 
by  a  mechanical  device,  employing  a  microscope  D,  Fig.  1,  whose  sensitivity 
was  1.5  x  10  6  for  tensor  shear  strain.  During  a  stress  relaxation  test, 
the  tensile  strain  was  maintained  constant  by  means  of  a  servomechanism 
whose  input  was  the  difference  between  the  voltage  generated  from  the  command 
signal  (desired  strain  level)  and  that  from  the  actual  strain  response.  The 
output  from  the  servo-controller  drove  a  servo-valve,  E,  Fig.  1,  which 
controlled  the  flow  of  hydraulic  fluid  from  the  pump  to  the  hydraulic  cylinder, 
F,  Fig.  1.  This  cylinder  was  connected  in  series  with  a  load  cell,  G,  Fig.  1, 
and  used  to  apply  the  load  to  the  test  specimen  through  a  hooked  rod  to  a 
loading  lever,  A,  Fig.  1.  The  load  applied  to  the  specimen  was  measured  by 
the  load  cell  to  a  sensitivity  of  9  g  (0.02  pound). 

The  specimen,  H,  Fig.  1,  was  heated  internally  by  a  quartz-tube 
radiant-heating  lamp  and  externally  by  two  resistance  heaters  at  the  ends 
just  outside  the  gage  length.  The  details  of  temperature  control  for  the 
experiment  were  described  in  [1,7].  Measurements  made  during  the  experi¬ 
ments  indicated  a  temperature  variation  of  ±0.6°C  (±1#F)  both  with  time 
and  with  position  along  the  gage  length  of  the  specimen. 

After  the  set-up,  the  specimen  was  soaked  at  the  test  temperature  of 
200°C  for  approximately  18  hr.  prior  to  testing.  The  influence  of  aging 
on  the  experimental  results,  as  discussed  in  [1,5],  indicated  that  during 
the  testing  time  of  the  experiments  reported  the  creep  rate  increased 
about  1/2  percent  per  hr.,  which  is  considered  negligible. 
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Experimental  Results 

The  results  of  four  combined  tension  relaxation  and  torsion  creep 
experiments  are  shown  in  Figs.  2  to  5  respectively.  The  loading  and 
straining  programs  for  each  test  are  shorn  in  inserts  on  each  figure. 

In  Fig.  2A  a  constant  tensile  strain  was  maintained  in  period  1  and 
a  typical  stress  relaxation  curve  was  observed.  In  periods  2  and  3,  Fig.  2, 
a  constant  torque  was  added  and  removed  while  the  tensile  strain  was  kept 
constant.  In  period  2,  Fig.  2A,  a  new  primary-type  relaxation  occurred. 

The  rate  of  the  stress  relaxation  continued  unchanged  into  period  3  upon 
removal  of  the  torque.  In  Fig.  215,  the  usual  shape  of  creep  and  recovery 
behavior  were  observed  for  the  shear  strain  for  period  2  and  3.  In  the 
fourth  period,  Fig.  2,  the  tensile  stress  (not  the  strain)  became  zero. 

The  reason  that  the  specimen  did  not  recover  at  zero  strain  was  that  the 
testing  machine  was  not  designed  to  take  a  compressive  force.  If  the 
specimen  were  to  recover  at  zero  tensile  strain  a  compressive  force  would 
have  been  required. 

The  experiment  in  Fig.  3  involved  simultaneously  applying  constant 
strain  in  tension  and  constant  shearing  stress  in  torsion  in  the  first 
period.  Stress  relaxation  in  tension  and  creep  in  torsion  were  observed 
as  shown  in  Fig.  3A  and  3B  respectively.  In  the  second  period,  Fig.  3, 
the  shearing  stress  was  increased  about  10  percent  while  the  tensile 
strain  remained  constant.  The  results  shown  indicate  that  both  the  stress 
relaxation  and  creep  behaviors  in  period  2  continued  without  significant 
change  in  character  from  the  first  period.  In  period  3,  the  tensile  strain 
was  kept  constant  while  the  shearing  stress  was  renoved.  The  rate  of 
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stress  relaxation  in  period  3  Fig.  3A  continued  essentially  unchanged  from 
that  in  period  2.  The  usual  recovery  of  the  shear  strain  in  period  3  Fig.  3B 
was  observed.  In  the  subsequent  periods,  a  constant  shearing  stress  was 
repeatedly  added  and  remoi ed  three  times  while  the  tensile  strain  was  kept 
constant.  In  Fig.  3A,  periods  4,  6,  and  8,  (when  the  shearing  stress  was 
on) ,  the  stress  relaxation  behaved  as  if  the  shear  stress  were  on  continuously 
from  period  4  to  8  (not  influenced  by  the  intervals  of  unloading).  Period  5 
showed  a  continued  relaxation  while  period  7  showed  a  rebound  in  stress. 

Other  instances  of  rebound  occurred  in  periods  3  and  5,  Fig.  4A.  In  Fig.  3B, 
the  successive  loadings  in  periods  4,  6,  and  8  resulted  in  decreasing  creep 
rates.  In  periods  5  and  7,  recovery  was  observed. 

In  Fig.  4  the  first  three  periods  are  similar  to  those  of  Fig.  2A  except 
for  a  higher  tensile  strain  (0.29%).  The  resp  nses  of  the  first  three 
periods  in  this  test  were  very  similar  to  those  shown  in  Fig.  2.  In  periods 
4  and  5,  a  constant  shearing  stress  (greater  than  the  shearing  stress  in 
period  2)  was  added  and  removed.  A  rapid  stress  relaxation  was  observed  in 
period  4,  Fig.  4A,  while  a  small  increase  in  stress  was  observed  in  periods 
3  and  5.  The  results  in  period  4  of  Fig.  4A  and  periods  4,  6,  and  8  of 
Fig.  3A  indicate  that  upon  reloading  in  torsion  to  a  higher  value  while 
keeping  the  tensile  strain  constant,  a  rapid  tensile  stress  relaxation 
resulted.  On  the  other  hand,  if  the  reloading  of  torsion  was  to  the  same 
magnitude,  the  rate  of  tensile  stress  relaxation  continued  as  if  the  shear 
stress  was  uninterrupted.  In  Fig.  4B,  periods  4  and  5  characteristic 
creep  and  recovery  behavior  were  observed. 


Fig.  5  involved  simultaneously  applying  constant  tensile  strain  and 
shearing  stress  in  period  1.  In  period  2  the  tensile  stress  was  removed 
while  the  shearing  stress  was  kept  constant.  This  was  followed  by  removal 
of  shearing  stress  in  period  3.  Characteristic  stress  relaxation  in  tension 
and  creep  in  torsion  were  observed  in  period  1.  In  period  2,  Fig.  5B  upon 
removal  of  tensile  "stress,"  the  creep  in  torsion  was  continued  as  if  no 
removal  of  tensile  "stress"  had  occurred.  In  period  3,  Fig.  5B,  a  recovery 
in  shear  strain  was  observed.  In  periods  2  and  3  Fig.  5A  the  stress  was 
reduced  to  zero  rather  than  the  strain  being  reduced  to  zero.  Thus  no 
further  stress  relaxation  occurred.  Instead  a  "creep"  recovery  occurred 
at  zero  stress  which  is  not  shown. 

In  the  following  sections  the  constitutive  equations  developed  in 
[1,5,6]  for  creep  behavior  of  the  same  material  are  presented  and  used  to 
predict  the  stress  relaxation  and  creep  behaviors  shown  above. 

Discussion  of  experimental  R esults ; 

Comparison  with  Combined  Stress  Creep 
A  comparison  of  t he  results  of  the  present  experiments  on  histories  of 
variable  simultaneous  relaxation  in  tension  and  creep  in  torsion  shows 
similar  features  to  those  found  in  variable  combined  tension  and  torsion 
creep  [6].  Among  these  similar  features  are  the  following:  (a)  When  a 
shearing  stress  t  was  added  to  a  tensile  relaxation  at  a  constant  tensile 
strain  e^j  a  new  "primary"  type  stress  relaxation  resulted  as  in  period  2 
Fig.  2A ,  and  periods  2  and  4  Fig.  4A.  (b)  When  the  shearing  stress  x  was 

removed  to  zero  while  the  tensile  strain  e^  remained  constant  there  was 
no  significant  change  in  the  pattern  of  stress  relaxation  in  tension  as 
shown  in  period  3  Fig.  2A.  Similar  but  not  as  well  defined  behavior  is 


also  shown  in  period  3  Fig.  3A,  and  periods  3  and  5  Fig.  4A.  (c)  When  the 

tensile  stress  a  was  changed  to  zero  during  tensile  relaxation  while  the 


shearing  stress  remained  constant  the  creep  e^  continued  as  though  there 
had  been  no  change.  See  period  2  Fig.  5B.  (d)  When  the  tensile  stress 

was  changed  to  zero  following  constant  strain  relaxation  while  the  shearing 
strain  was  recovering  from  prior  creep  at  a  shearing  stress  t  a  new 
recovery  type  behavior  was  initiated  in  e^  as  shown  in  period  4  Fig.  2B. 


Constitutive  F.quations  for  Creep  Under 
Combined  Tension  and  Torsion 

In  the  previous  papers  [1,5,6]  it  was  shown  that  creep  of  specimens  of 
the  same  lot  of  2618  Aluminum  at  200°C  under  combined  tension  and  torsion 
were  adequately  described  by  the  following  relation: 


e .  .  (t)  =  e? .  +  e?.  +  cV.(t)  +  eVe(t)  , 
13  ij  ij  ij  ij 


(1) 


0  V  VG 

where  ,  and  represent  the  time-independent  elastic  strain,  time- 

dependent  nonrecoverable  (viscous)  strain  and  time-dependent  recoverable 


(viscoelastic)  strain,  respectively,  and  e^j  was  further  resolved  into 

positive  and  negative  components.  The  time-independent  plastic  strain 

ePj  was  found  to  be  zero  in  the  experiments .  The  elastic  modulus  Rq,  shear 

0 

modulus  Gq  and  Poisson's  Ratio  v  for  the  elastic  strain  component  e  for 
the  material  at  200°C  as  reported  in  [1,5,6]  is  given  in  Table  1.  The 

V  VC 

constitutive  relations  for  e..(t)  and  E..(t)  under  constant  stresses  and 

ij  ij 

time-dependent  stresses  as  employed  in  [1,5,6]  are  reviewed  in  the  following. 
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Constant  St ress 

Under  constant  stress,  the  components  cV  and  eVe  under  combined 
tension  a  and  torsion  t  were  represented  by  the  following  equations: 


Gjjft)  =  H  [(0-0’),(T-T')]tn  ,  (2) 

e12(t)  =  (i7r}  G  [(o-o') ,(T-T')]tn  ,  (3D 

ell(t)  =  (i4r)  F  [Co-a ' ) ,  Ct-t  ')  ]tn  ,  (4) 

Cp(t)  =  (y^D  G  [(o-o'),(T-T')]tn  .  (5) 


The  nonlinear  functions  of  F  and  G  in  (2-5)  were  derived  from  a  third 
order  multiple  integral  representation  [4],  where 

F  (a  -a  '  ,t  -t  ' )  =  F  j  (a  -o  ' )  +  F^  (a  -o  ' )  “  +  F ^  (o  -o  ' )  ^ 

♦  F4(a-o')(T-T’)2  ♦  Fs(t-t’)2  , 

G  (a  -a  '  ,x  -t ' )  =  G^(t-t')  +  G^Ct-t')'*  +  G^Co-o  ')  (t  -t  ’) 

♦  G4(o-o')2(  t-t'D  , 
and  o',  t'  are  the  components  of  the  creep  limit.  In  the  original  formu¬ 
lation  [1],  a  Tresca  form,  as  shown  in  the  following,  was  employed  for 
the  creep  limits  (o'  and  t'1  under  combined  tension-torsion  stresses. 


(6) 


(7) 


(o')2  ♦  4(x'}2  =  (o*)2  =  (2t *) 2  , 

o'/c  =  T '/t  , 


(8) 


where  a*  and  t*  arc  t!ic  creep  limits  under  pure  tension  and  pure  torsion 
respectively.  Tiie  coefficients  of  F^ ,  ,  and  values  of  a*,  t*,  R  and  n 

were  derived  from  constant  combined  tension-torsion  creep  and  recovery  tests 
reported  in  (1]  and  shown  in  Table  I.  The  values  of  the  coefficients  corres¬ 
ponding  to  ((>-8)  were  given  in  [1]  and  corrected  in  [5]. 
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It  was  shown  in  [6]  that  using  the  variable  creep  limits  o',  t*  and  (8) 
did  not  predict  the  experimental  results  quite  as  accurately  as  using  fixed 
creep  limits  a*  and  x*.  In  the  present  paper,  calculations  were  made  using 
the  fixed  creep  limits,  o*  and  x*,  as  well  as  o',  x'.  The  calculations  of 
the  predicted  creep  and  relaxation  curves  shown  in  Fig.  2-5  are  for  o',  x'  . 
Similar  calculations  made  for  the  fixed  creep  limits  a*,  x*  are  not  shown. 
The  results  were  somewhat  better  for  o',  x'  than  o*,  x*  and  are  more 
generally  applicable. 

Time-Dependent  Stress 

The  modified  superposition  principle  (MSP)  as  derived  from  the  multiple 
integral  representation  was  shown  in  [3.4]  to  be  able  to  describe  time- 
dependent  recoverable  (viscoelastic)  strain.  Under  a  continuously  varying 

VG 

stress  o,  the  strain  response  e  given  by  the  modified  superposition 
principle  was  represented  for  nonlinear  behavior  in  [5,6]  by 


cVC(t)  = 
i  j 


So 


yyy  f  i;j  [o  (f, )  ,x  (C  ) .  t-e  ]o  (£ )  d* 


(9) 


where  f„  (o  ,t)  represents  the  nonlinear-stress  and  t ime-dependent  creep 


function  such  as  (2)  and  (3)  for  e  ®  and  e  ^  respectively,  and  where 

o(t)  =  o(t)  -  o'  and  7(t)  =  x (t)  -  x'.  For  a  series  of  m  step  changes  in 

v  e 

stress  as  employed  in  the  present  work,  (9)  becomes  as  follows  for  for 
example : 


vc 


ei2(t)  =  (r+V{G{orTi)[t,‘~(t_tir]  + 


-  -  w.n 


+ 


t;tVl'Vl)f(t-tn-2)  -^-Vl5  ] 


(9a) 


+  (;(o".x'  )(t-tm  .)"} 
mm  m  - 1 


m- 1 
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For  the  time-dependent  nonrccoverahle  (viscous)  strain  component  e  , 
it  was  shown  in  [5,6]  that  a  strain  hardening  theory  reasonably  described 
the  behavior  of  this  strain  component  under  a  time-dependent  stress  input. 

VC 

The  strain-hardening  theory  for 

rt 


Vc  and  e^2  can  be  represented  by  the 


following  equations: 

v 
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£ll(t^  1+R 


V  f  x  1 

G 1 2  1 


{I;[a(C).r(c)]}1/n  dS 


>-o 

rt 


1  +  R 


(G[a(C),T(C)]}1/n  d£ 


K) 


(10) 


(ID 


Equations  (10)  and  (11)  were  derived  from  (4)  and  (5),  respectively, 
using  the  strain-hardening  concept  as  described  in  [1,5]. 

For  a  series  of  m  step  changes  in  stress,  as  employed  in  the  present 
paper,  (11)  for  example  becomes  as  follows: 


*  •••  *  tC(vi'Vi)ll/n<t„-rt»-2) 


*  lC<Vn,>]‘/n<VP>n 


(12) 


t2  <  t 


Viscous-Viscoelastic  (VV)  Theo r y 

The  total  strain  following  a  time-dependent  stress  hi  story  was  found 
according  to  (1)  by  adding  to  the  elastic  strain  corresponding  to  the 
stresses  existing  at  the  time  of  interest  the  cVe  given  by  (9)  and  the  cV 
given  by  (10)  or  (11)  for  axial  strain  or  shear  strain.  Thus, 


,,,  0  1 
Ellft1  =  F.  +  1+R 


( F fa (£) ,x (£) ] } 1/n  d£ 


1  +  R 


b[a(r,l  ,T(C)  ,  t-£]a(£)d£ 


(15a) 
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{G[o(o,T(a]}1/n  ac 
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(13b) 
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t 

R 

1  +  R 


GIo(O.T(0,t-e]i(0  dc 
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where  F.  and  G  are  the  elastic  modulus  and  shear  modulus  respectively. 

Modified  Viscous-Viscoelastic  (MVV)  Theory 

In  [5,6]  it  was  found  under  partial  unloading  that  the  observed  charac¬ 
teristics  of  creep  behavior  of  the  material  were  not  properly  predicted  by 
the  W  tiieory.  It  was  found,  however,  that  the  MVV  theory  employed  ir.  [5] 
described  the  creep  behavior  of  the  material  under  partial  unloading  more 
closely  than  the  VV  theory.  In  the  following,  the  MVV  theory,  which  will  be 
used  also  in  this  paper,  is  reviewed.  The  basic  difference  between  the  MVV 
and  the  VV  theories  is  in  the  treatment  of  the  creep  limits  for  the  recov- 

ve 

erable  strain  e  .  These  differences  in  treatment  are  illustrated  in  Fig.  6. 

(A)  For  the  nonrecoverable  strain  component,  the  strain  hardening  rule 
was  employed.  Upon  reduction  of  stress  from  to  a  current  stress  og, 

•  y 

Fig.  6(a),  the  strain  rate  e  continued  at  the  reduced  (positive)  rate 

prescribed  by  the  strain  hardening  rule,  (10)  and  (11),  as  shown  in  Fig.  6(a), 

unless  the  current  stress  o  equaled  or  was  less  than  the  creep  limit  a* 

*v 

(or  o').  When  $  a*  (or  a')(  e  was  zero  as  prescribed  by  (10)  and  (11), 
see  Fig.  6(a). 

(B)  Upon  reloading  from  a  stress  below  to  a  stress  above  the  creep 

•  V 

limit,  the  nonrecoverable  strain  rate  e  resumed  at  the  rate  prescribed  by 
(10)  and  (11)  but  as  though  there  had  been  no  interval  t  for  which  o^  s  o* 

(or  o'),  see  Fig.  6(c). 
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(C)  For  the  recoverable  strain  component  c  on  partial  unloading  the 
•  vc 

recoverable  strain  rate  z  became  and  remained  zero  for  all  reductions  of 
stress  from  to  Og,  as  shown  in  Fig.  6(b)  unless  the  total  change  in  stress 
from  the  highest  stress  c?max  [=®A  in  Fig.  6(b)]  previously  encountered  to  the 
current  stress  equaled  in  magnitude  the  creep  limit  a*  (or  o').  That  is, 

e  =0  when  (aA-oB)  $  |o*|  (or  o')  ,  (14) 

eVG  t  0  when  >  l°*l  Cor  o')  .  (15) 

Equation  (14)  can  be  considered  as  meaning  that  for  a  small  unloading  the 
recoverable  strain  component  was  "frozen.”  Equation  (15)  indicates  that  if 
the  change  in  stress  was  greater  than  |o*|  or  ]o'|  then  recovery  would  occur 
followed  eventually  by  creep,  see  Fig.  6(b). 

(D)  Upon  increasing  the  stress  to  o^  (o^  >,  o^)  following  a  period  t^ 

(a  dead  zone)  for  which  (amax-°B  )  *  |a*|  (or  CT')  and  've  =  0,  as  discussed  in 

V0 

(C)  above,  the  recoverable  strain  component  e  continued  to  creep  in  accordance 

with  the  viscoelastic  behavior  (9)  as  though  the  period  tx  never  occurred,  see 

Fig.  6(c).  In  computing  the  behavior  for  situations  described  in  (B) ,  (C)  and 

(0)  it  was  thus  necessary  to  introduce  a  time  shift  inequations  (9),  (10)  or 

VG 

(11)  to  eliminate  the  appropriate  period  tx  when  z  was  "frozen."  Thus,  the 

new  time  t1  subsequent  to  a  period  t  =  (t.-t  )  becomes  t’  =  t  -  (t, -t  )  , 

where  t  is  the  real  time  and  t  ,  t,  are  the  times  when®,  was  removed  and  on 

an  a  i  J 

was  applied. 

(F.)  When  recoverable  and  nonrecoverablc  strain  components  are  considered 
together  two  special  circumstances  arise.  Consider  that  the  stress  decreases 
from  the  highest  value  o^  to  a  lower  value  Og  under  a  uniaxial  stress  state. 

If  a ^  >  2a*  and  a*  £  Og  s  (a^-a*)  then  there  is  creep  occurring  from  eV  and 
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recovery  from  e  .  However,  if  <  2o*  and  (o  -o*)  <  <  o*  then  there  is 

•  v  •  vc 

neither  creep  nor  recovery,  c  =  c  =0. 

(F)  When  one  stress  component  decreased  while  the  other  remained  constant 

VC  * 

the  recoverable  strain  component  z  was  treated  as  follows.  The  material 

behavior  in  such  situations  suggested  that  reducing  or  removing  one  stress 

component,  say  t,  while  the  other  component,  say  a,  remained  constant  affected 

the  strain  as  follows.  The  strain  corresponding  to  mixed  stress  components 

behaved  as  though  these  mixed  components  had  suffered  a  small  stress  reduction. 

That  is,  the  strain,  say  e^,  associated  with  the  mixed  stress  components,  say 
2  2 

ot  ,  t  ,  became  constant.  The  strain,  say  c^,  associated  with  the  pure  stress 
2  3 

terms,  say  o,  o  ,  a  which  were  unchanged,  continued  as  though  nothing  had 
happened . 

Strain-Hardening  (SH)  Theory 

The  total  strain  under  this  theory  can  be  represented  by  the  following 
equations  according  to  (10)  and  (11) 


{F[0(O,t(O> 


e12(t)  =  2G1'  +  | 

-o 

Prediction  of  Simultaneous  Creep  in  Torsion  and  Relaxation  in  Tension  From 
Combined  Stress  Creep  Data 

Since  creep  and  stress  relaxation  behaviors  are  two  aspects  of  time- 
dependent  behavior  of  materials,  one  behavior  should  be  predictable  if  the 
other  behavior  is  known.  In  other  words,  in  a  "tensile  stress  relaxation" 
test  for  example,  the  stress  response  of  a  material  under  a  constant  axial 
strain  input  may  fie  considered  as  equivalent  to  a  tensile  "creep"  test 
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with  an  undetermined  time-dependent  stress  applied  to  the  specimen  such 
that  a  constant  axial  strain  results  throughout  the  testing  period.  The 
prediction  of  simultaneous  creep  and  relaxation  from  combined  stress  creep 
to  be  described  in  the  following  is  based  on  this  premise. 

Some  invest igators  have  considered  a  relaxation  test  to  be  fundamentally 
different  from  a  creep  test  -  that  the  material  has  a  constant  strain  state 
in  relaxation  compared  to  a  changing  strain  state  in  creep,  however,  the 
strain  state  is  not  con«tant  durine  a  relaxation  test.  In  an  axial  relaxation 
test  only  the  axial  strain  component  remains  constant  while  the  transverse- 
strains  are  time  dependent  [4]  unless  the  relaxation  is  volume  constant,  which 
is  not  true  in  general.  On  the  other  hand,  in  a  constant -stress  creep  test 
all  stress  components  are  constant. 

The  simultaneous  stress  relaxation  in  tension  and  creep  in  torsion 
when  the  specimen  is  subjected  to  constant  tensile  strain  and  constant 
shearing  stress  in  torsion  can  be  considered  as  one  of  combined  tension 
and  torsion  creep  with  variable  (time-dependent)  tensile  stress  and  con¬ 
stant  shearing  stress  in  torsion.  The  desired  tine-dependent  tensile 
stress  aft)  is  unknown.  This  unknown  stress  oft)  has  to  satisfy  the 
condition  that  the  tensile  strain  produced  by  the  prescribed  constant 
shearing  stress  and  this  unknown  varying  tensile  stress  oft)  acting  together 
on  the  specimen  must  equal  tiie  prescribed  constant  tensile  strain.  lor  the 
VV  theory  this  is  equivalent  to  solving  the  nonlinear  equation  (13a)  for 
oft)  with  Ejj  and  Tft)  prescribed.  Once  oft)  has  been  determined  from  (13a), 
the  corresponding  shearing  strain  can  be  obtained  from  (13b). 

The  iterative  procedures  used  to  solve  for  oft)  from  (13a)  for  the  VV 
thcor;  with  prescribed  tensile  strain  Cjj(t)  and  shearing  stress  tft)  are 
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described  in  the  following.  According  to  this  numerical  procedure,  the 

prescribed  c^(t)  and  x(t)  were  divided  into  a  number  k  of  intervals  of  time 

(m=l,...h).  In  the  first  step  the  Cjj(l)  and  x(l)  were  known.  Neglecting 

the  time-dependent  responses,  the  initial  tensile  stress  S(l)  =  c^(l)  h  was 

determined.  With  S ( 1 )  and  x(l)  for  tlie  first  step,  the  S(tj)  and  x(tj)  at 

tiie  end  of  the  first  interval  were  computed  from  (13a).  Similarly  with  S(t^ 

at  the  end  of  the  in- 1  interval  t lie  S(t  )  and  x(t  )  were  determined  from  (15a) 

m  m 

using  the  entire  stress  history  from  t  =  u  to  t  =  t  .  The  difference  between 

m 

the  computed  tensile  strain  and  the  prescribed  tensile  strain  for  the  in1*1 

interval,  Ae(t^)  =  e(t(||)  -  was  computed,  e^jft^)  represented  the 

prescribed  tensile  strain  at  t  =  t  .  The  Ac(t  )  was  used  to  determine  the 

m  m 

correction  for  the  assumed  tensile  stress  S(t  ).  Thus,  the  corrected  tensile 

m 

stress  o(t  )  centals  (S(t  )  -  Ae(t  )]  F  .  The  correction  was  based  on  the 
m  '  m  in 

elastic  response  only.  o(t^)  so  determined  represented  the  relaxation  stress 

at  t  =  t  .  This  corrected  tensile  stress  history  o(t)  and  the  prescribed 

shearing  stress  history  x(t)  for  t  =  0  -►  t  were  used  to  coni|nite  the  shearing; 

strain  using  (13b)  for  the  VV  theory. 

In  the  next  step  (t  =  t^+j),  the  approximate  tensile  stress  S(t^j) 

was  determined  !>v  S(t  ,)  =  ^(t  )  ♦  (r..,(t  ,)  -  e,.(t  )]  F  .  For  a  con- 

m+ 1  in  11  m+ 1  1 1  in 

stant  strain  relaxation  condition,  c,,(t  ,)  =  e,.(t  ).  thus,  S(t  ,)  = 

11  n+ 1  11m  m+ 1 

oft  ).  The  S(t  ,)  alone  with  the  previous  tensile  stress  historv  o(t), 
m  m+1 

and  the  shearing  stress  history  x(t)  for  t  from  0  to  tn)+]  were  used  again 

to  compute  the  tensile  strain  response  c(t  j)  using  (13a).  l:rom  that 

the  rclixational  stress  at  t  =  t  ,  was  determined. 

m+1 

When  using  the  MW  theory  the  procedure  was  almost  identical  to  that 
described  above  except  the  modifications  (('.),  ( l>)  ,  and  (I  )  described  in 
the  proceeding  section  were  properly  incorporated.  For  example,  when 
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predicting  the  relaxational  stress  in  periods  1,  2  and  3  of  the  test  program 

VC 

shown  in  Fir.  2A,  the  third  term  (e^)  on  the  right  side  of  (13a)  became 
zero,  because  a  stress  relaxation  can  be  considered  as  a  small  partial 
unloading  in  a  creep  test,  thus  according  to  (C)  of  the  MVV  theory,  e  =  0. 
For  predicting  c^0(t)  of  periods  2  and  3  of  the  test  program  shown  in  Fig. 
2A,  the  G(o,t)  function  in  the  third  tern  of  the  right  side  of  (13b)  con¬ 
tained  two  terms  G^t  and  G^t^  instead  of  four  terms  as  shown  in  (7), 
according  to  (F)  of  the  MVV  theory. 

When  using  t he  Sll  theory  for  the  predictions,  equations  (13a)  and  (13b) 
used  in  the  VV  theory  were  replaced  by  (16)  and  (17)  ,  respectively. 

The  procedures  described  above  were  employed  to  calculate  the  response 
of  the  simultaneous  stress  relaxation  in  tension  and  creep  in  torsion  of 
2618  aluminum  at  200°C  for  the  histories  shown  in  Fig.  2-5.  In  using  these 
procedures  it  was  found  that  the  time  interval  selected  could  affect  the 
numerical  accuracy.  A  sensitivity  analysis  was  conducted  to  determine  the 
affect  of  time  interval  on  the  accuracy  of  the  numerical  computations.  It 
was  found  that  close  to  the  region  where  the  e  (t)  changed  abruptly  a  time 
interval  greater  than  U.001  hr.  could  significantly  affect  the  accuracy  of 
the  predictions.  Consequent  1 y  in  all  the  predictions  carried  out  in  this 
Program,  the  time  interval  was  chosen  to  be  0.001  hr. 

Comparison  of  Predict  ions  with  Fxper imental  Results 
Grc.el1.:  As  shown  in  Fig.  2B,  3B,  dll,  and  5R,  the  prediction  of  the  shearing 
creep  component  (strain  c^)  f°r  the  first  application  for  shear  stress  t 
compared  well  with  the  test  data.  This  was  true  for  all  three  theories. 

As  noted  before  these  predictions  were  based  on  the  numerical  constants 
determined  entirely  from  creep  and  recovery  tests  under  constant  combined 
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tension  and  torsion  and  given  in  Table  1.  All  of  these  experiments  in 
Fig.  2-5  included  relaxation  in  tension  simultaneously  with  the  shearing 
creep.  In  Fig.  3B  and  SR  the  creep  and  relaxation  started  simultaneously, 
while  in  Fig.  2R  and  4B  the  relaxation  started  before  the  shearing  stress 
was  added. 

For  subsequent  periods  the  shearing  strain  was  reasonably  well  pre¬ 
dicted  by  cither  the  VV  or  MVV  theories,  but  not  properly  predicted  by  the 
SH  theory  when  the  shearing  stress  was  removed.  The  MVV  theory  was  lower 
than  the  VV  theory  when  tensile  relaxation  proceeded  the  torsion  creep. 

No  prediction  was  made  for  periods  4  Fig.  2B  or  periods  2  and  3  Fig.  5B 
because  the  recovery  of  was  at  constant  stress  rather  than  constant 
strain.  The  creep  in  period  4  Fig.  4B  was  not  well  predicted.  This  is 
consistent  with  the  observation  for  combined  stress  creep  under  multiple 
stress  changes  at  high  stresses  [6],  that  the  predicted  creep  rate  was  too 
low. 

Relaxation :  Figures  2A,  3A,  4A  and  5A  show  that  the  prediction  of  the 
magnitude  of  the  tensile  relaxation  for  the  first  two  periods  compared 
with  the  test  data  about  as  well  as  the  comparison  for  the  creep  component 
of  the  same  tests.  The  best  comparison  of  magnitudes  was  found  with  the 
VV  theory  (the  Sll  theory  was  usually  nearly  the  same). 

In  Fig.  3A  and  5A  the  stress  relaxation  and  creep  started  simultaneously. 
In  Fig.  2A  and  4A  the  creep  (shear  stress  t)  started  one  hour  after  the 
start  of  relaxation.  In  this  case  the  predicted  relaxation  rate  was  some¬ 
what  greater  than  observed  and  not  as  close  to  the  test  data  as  in  Fig.  3A 
and  5A. 

When  the  torque  was  removed  while  the  tensile  strain  remained  constant, 
the  VV  theory  predicted  a  reversal  of  the  relaxation  which  was  not  observed. 


18 


see  period  3  Fir.  2A,  periods  3,  5  and  7  Fig.  3A  and  periods  3  and  5  Fig.  4A. 
This  was  due  to  t he  same  feature  of  the  theory  that  caused  a  prediction  of 
recovery  that  was  not  observed  in  combined  tension-torsion  creep  when  one 
component  went  to  zero.  The  reversal  of  relaxation  predicted  by  the  VV 
theory  was  due  to  the  fact  that,  upon  removal  of  torque,  the  last  two  terms 
in  ((>)  vanish.  This  caused  a  sudden  drop  in  the  tensile  strain  rate.  In 
order  to  maintain  the  constant  strain  imposed  by  t he  test  program,  the 
tensile  stress  had  to  increase  accordingly.  The  SH  theory  predicted  no 
change  in  stress  and  the  MVV  theory  predicted  a  small  decreasing  stress 
hut  not  as  much  as  observed  in  period  3  Fig.  2A  for  example. 

General :  The  MVV  theory  predicted  the  character  of  all  of  the  various 
features  of  the  test  results  for  both  the  creep  and  relaxation  components. 

On  the  other  hand  the  W  theory  predicted  a  trend  opposite  to  that  observed 
during  relaxation  when  the  shearing  stress  was  removed  while  the  tensile 
strain  remained  constant.  The  SI  I  theory  failed  to  predict  the  observed 
recovery  when  the  shearing  stress  went  to  zero. 

Comparing  the  magnitudes  of  creep  strains  or  relaxation  stresses 

predicted  with  t lie  observed  values  shows  that  the  MVV  theory  usually 
predicted  higher  stresses  in  relaxation  and  higher  strains  in  creep  than 

the  observed  values  and  generally  higher  values  than  predicted  by  the  VV' 
and  SI!  theories. 

However,  if  comparison  is  made  on  the  basis  of  time  dependence  alone, 
that  is  on  the  basis  of  creep  or  relaxation  rate,  it  may  he  shown  that  in 
general  the  prediction  of  the  MVV  theory  is  the  best .  The  MVV  theory 
was  host  or  the  same  in  this  respect  as  the  VV  theory  in  the  following: 

Fig.  2  .  Fig.  3  f except  Fig.  3A  period  4) ;  Fig.  4  (except  Fig.  4 A  period  4, 
Fig.  4 H  period  4)  and  Fig.  5. 
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All  curves  shown  in  Fig.  2-5  employed  variable  creep  limits  o',  t*  (8). 
The  use  of  fixed  values  of  o*  and  t*  for  creep  limits  yielded  differences 
which  were  sometimes  improvements  and  sometimes  not.  Since  fixed  values  of 
o*,  r*  lose  their  meaning  for  stress  states  in  which  one  component  is  below 
the  creep  limit  the  results  for  fixed  creep  limits  are  not  shown  in  the 
Figures. 

Conclusions 

Results  of  experiments  on  simultaneous  creep  in  torsion  and  relaxation 
in  tensions  were  presented.  These  included  proportional  and  non-proportional 
loading,  unloading  and  reloading.  In  general  the  features  of  the  material 
response  were  similar  to  those  observed  under  combined  tension  and  torsion 
creep. 

Three  theories  were  used  to  predict  the  material  response  to  the 
several  mixed  load-constraint  histories  tested.  These  predictions  were 
made  using  the  results  of  constant  load  creep  and  recovery  experiments  under 
combined  tension  and  torsion  only.  Results  showed  that  a  modified  viscous- 
viscoelastic  (MVV)  theory  predicted  all  the  observed  features  and  in  general 
had  the  best  prediction  of  creep  and  relaxation  rates. 
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Table  I.  Constants  for  Equations  (2)  through  (13)  Using  o'  ,  t 

for  F*  ,  G*  and  G* 

4  9  3  4 

F*  =  6.084  x  10"12,  per  Pa-hn  (0.004195,  %  per  ksi-hn) 

F*  =  -7.431  x  10'20,  per  Pa2-hn  (-0.0003533,  %  per  ksi2-hn) 

F*  =  7.596  x  10'28,  per  Pa3-hn  (0.0000249,  %  per  ksi3-hn) 

a*  =  9.143  x  107,  Pa  (13.26,  ksi) 

G*  =  7.170  x  10'12,  per  Pa-hn  (0.004944,  %  per  ksi-hn) 

G*  -  2.703  x  10-28,  per  Pa3-h”  (0.00000886,  per  ksi3-hn) 

r*  =  4.571  x  lo7.  Pa  (6.630,  ksi) 

F*  =  1.0491  X  lo"28,  per  Pa3-h“  (0.000003439,  %  per  ksi3-hn) 


G*  =  -4.020  x  10~2°,  per  Pa2-hn  (-0.0001911,  %  per  ksi2-hn) 
G*  =  9.222  x  10‘28,  per  Pa3-hn  (0.00003023,  %  per  ksi3-h") 

Note:  n  *»  0.270 

R  =»  0.55 

E  =  6.5  x  104MPa  (9.43  x  106  psi) 

G  =  2.45  x  104MPa  (3.57  x  106  psi) 
v  =  0.321 


Figure  Captions 

Fig.  1  Apparatus  for  Simultaneous  Stress  Relaxation  in  Tension  and 
Creep  in  Torsion. 

Fig.  2A  Stress  Relaxation  in  Tension  with  and  without  Added  Torsion. 
t  =  79.63  MPa  (11.35  ksi) 

Fig.  211  Creep  in  Torsion  During  Stress  Relaxation  in  Tension. 
t i  =  79.63  MPa  (11.55  ksi) 

Fig.  3A  Stress  Relaxation  in  Tension  Simultaneously  with  a  Program  of 
Creep  in  Torsion. 
t  =  55.50  MPa  (8.05  ksi) 
t7  =  ol.Ul  MPa  (8.85  ksi) 
t,  =  79.63  MPa  (11.55  ksi) 

Fig.  3B  Creep  in  Torsion  During  Stress  Relaxation  in  Tension. 
t  =  55.50  MPa  (8.05  ksi) 
t,  =  61.01  MPa  (8.55  ksi) 
t3  =  79.63  MPa  (11.55  ksi) 

Fig.  4A  Stress  Relaxation  in  Tension  with  Periods  of  Added  Torsion. 
t  =  79.63  MPa  (11.55  ksi) 
t 2  =  95.55  MPa  (13.86  ksi) 

Fig.  411  Creep  in  Torsion  During  Stress  Relaxation  in  Tension. 

T  =  79.63  MPa  (11.55  ksi) 
x 2  =  95.55  MPa  (13.86  ksi) 

Fig.  5A  Stress  Relaxation  in  Tension  Simultaneously  with  Creep  in  Torsion. 
t  =  79.6.3  MPa  (11.55  ksi) 

Fig.  513  Creep  in  Torsion  Simultaneously  with  Stress  Relaxation  in  Tension. 
Tj  =  79.63  MPa  (11.55  ksi) 

Fig.  6  Illustration  of  the  Role  of  the  Creep  Limit  in  Partial  Unloading 
and  Reloading. 
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FIGURE  5  A 


(o)  Nonrecoveroble  Strain,  (b)  Recoverable  Strain,  e  ;  (c )  Reloading ,  ot  tb; 

Partial  Unloading  at  t0:  Partial  Unloading  ot  t„:  Nonrecoveroble  Strain,*' 

trB<^*,€V>°.  °A-a0-  *  er*  I  •  ^  V*  =  0  .  -  <r*  <  ffD- 

a  <cr*i<v  =  0,  -  <rc  >  la*  I ,  eve*  0.  Time  tb  Shifted 

Recoverable  Strain,  «ve 
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FIGURE  6 


